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Introduction
Sufficient mechanical reliability is a major hurdle to overcome for the commercial viability of solid oxide fuel cell (SOFC) devices [1] . Despite the evidence of this shortcoming, structural issues in SOFC stacks are practically solved by progressive design adjustments while efforts to understand the underlying processes have been limited. The need for a more solid, comprehensive and versatile background is now acknowledged, as the SOFC technology approaches market introduction. Strong coupling between the phenomena characterises the SOFC field. Stack and system design and operation must be integrated with structural and lifetime analysis to meet performance, reliability, durability, versatility and availability requirements, in the view of the lowest price of electricity delivered to the end-user. Numerous trade-offs govern the development of a functional SOFC system. They act at all scales and affect to similar extents the choice of an electrode microstructure and material, and that of a system layout. In a simplified view, the risks of structural failure scale with power density and number of thermal cycles. Effective mitigation requires the precise knowledge of the mechanisms. The detrimental effects of thermal stresses in SOFC stacks are not completely characterised and cannot be reduced to simple indicators [2e5] . The central component, the membrane electrode assembly (MEA), is a multilayer device that mechanically and chemically interacts with the other components of a single repeating unit (SRU). During operation, the physico-chemical alterations that arise from the hightemperature and aggressive environment [6e12] affect the mechanical durability [13, 14] . Mechanical failures can occur as well during the last manufacturing steps of the stack. The heat-up and sealing procedures generate conditions that are not straightforward to handle from a structural perspective, whereas the stacking of the SRUs affects the reproducibility of the failures and complicates the analysis.
The cracking modes in the MEA layers and at the interfaces depend on the design, which mainly consists in the choice of a supporting layer and materials of suitable coefficient of thermal expansion (CTE). They may evolve during combined cycling and constant operation conditions because of the relaxation of the initial shielding compressive stress in the weakest layers [15, 16] . The failure of the MEA usually follows that of the sealant or gas diffusion layers (GDL) because of the altered mechanical interactions and electrochemical behaviour. A loss of gas tightness detrimentally exposes the materials of the cathode (anode) compartment to reducing (oxidising) gases [17] . Unsteady parasitic combustion provokes hot spots [17, 18] . Therefore, fracture mechanics approaches have been applied to study the cracking of the glass-ceramic or sealing interfaces, commonly observed during thermal cycling [19, 20] . The difficulty to ensure the reproducibility of the mechanical properties of the sealants and GDL materials [21, 22] causes uneven gas supply amongst the stacked SRUs, altered electrical contact and partial loss of contact pressure on the compressive gaskets.
Structural issues at the SRU scale are commonly investigated by importing the temperature profile generated by a thermo-electrochemical model in structural analysis tools. The correct handling of the many manufacturing steps of a SOFC stack, i.e. (i) cell sintering, (ii) components assembly and stacking (iii) sealing procedure and (iv) anode reduction, has a strong influence on the stress in operation. Most of the studies at the SRU scale do not include the effect of the curvature of the cell on the interaction with the other components. The studies by Weil at al. [23, 24] , Jiang et al. [25] and Lin et al. [26] focus on the sealing solutions by comparing bonded compliant seals, glass-ceramics and compressive gaskets. Bonded compliant seals induce a less stringent joining than glass-ceramics during thermal cycles and partially alleviate the mismatch between the thermal expansions of the parts, while providing better sealing performance than compressive gaskets. The study by Selimovic et al. [27] has investigated the stress in a free single planar cell, subjected to steady-state and transient temperature profiles. The use of either ceramic or metallic interconnects affects the magnitude of the stress, due to the different thermal conductivities. Yakabe et al. [28] have computed large stress in lanthanum chromite interconnects during operation, arising from non-uniform thermal and isothermal strains. Similar modelling tools, with a refined description of the geometry, involving contact between the components, or not, have been applied to button cells as well [29e31] . 
A specificity of modelling of stresses in SOFCs is the stacking of repeating units, be they tubular or planar. The reduction of the thickness of the components, to reduce ohmic losses and materials costs, among other reasons, promotes stacking challenges. Uneven distribution of the assembly load, increased effects of growing oxide scales, difficulties to ensure the reproducibility of the mechanical properties of the stack components or structural instabilities can cause contacting issues and direct or indirect cell failures. Few studies have been carried out on the overall deformation of a SRU embedded in a stack, because the computational demand of contact analysis limits the number of repeating units that can be meshed. Lin et al. [32] have investigated the effect of the stack support conditions with their model of a three-cell short stack meshed with linear continuum shell elements. In the conditions of their simulations, using points, edge or plane support has a small influence on the stress profiles.
The present study comprises two parts that enlarge with structural consideration our previous investigations on the electrochemical degradation at the SRU/stack scale [33e35]. This Part I seeks to determine the influence of the operating conditions on structural issues in SOFC stacks. The focus of Part II [36] is the mechanical degradation during long-term operation and thermal cycling. The framework is a set of existing models. A structural model of a SRU based on planar, anode-supported cells, which considers the interactions between the components and the curvature of the cell [3, 4] is extended. Modified periodic boundary conditions model the stacking of the SRUs and the initialisation procedure is adapted to accommodate glass-ceramic sealants. The stresses in the components of a SRU are computed from the temperature profile generated by a thermoelectrochemical model, that includes several degradation phenomena [33, 34, 37, 38] . Operating conditions optimised for the highest electrical efficiency at start and at long-term operation form the basis of the analysis [33] . Investigated technological alternatives comprise: (i) materials, restricted to the type of cathode, sealant and GDL, and (ii) geometry, limited to the thickness of the metallic interconnectors (MIC).
Modelling approach
The structural analysis of a SRU in a stack is performed by importing temperature profiles in a numerical tool based on the finite-element method (ABAQUS [39] ). The temperature profile is generated by a thermo-electrochemical model implemented in gPROMS [40] , an equation-oriented process-modelling tool. The analysis focuses on the planar, intermediate-temperature stack based on anode-supported cells with an active area of 200 cm 2 , developed at LENI-EPFL within the European FP6 FlameSOFC project [41, 42] . Fig. 1 depicts the SRU geometry. Boundary conditions in both types of models are imposed to simulate a SRU in a stack [3] . The detailed description of the models and database, from which material mechanical properties are extracted are provided in Refs. [3, 33, 37, 38, 42] . The following description focuses on the main features and the specific model improvements developed for the present study.
Thermo-electrochemical model
The SRU model solves the heat and species transport in the inplane directions (x and y in Fig. 1 ), which are coupled to a local one-dimensional electrochemical model discretised through the thickness of the cell (z direction in Fig. 1d ) [3] . Ref. [37] describes the implementation of the electrochemical model and its calibration on experimental data from two different segmented-cell tests. The electrochemical model considers both ohmic and non-ohmic losses.
Ohmic losses comprise the ionic resistivity of the MEA, corrected for constriction effects, the electronic resistivity of the MIC, its oxide layer and contact resistance, and a limited electronic conductivity of the electrolyte that induces a small leakage current. On the cathode side, a specific modelling approach is used for composite lanthanum strontium manganite and yttria-stabilised zirconia cathode (LSM-YSZ), or single phase lanthanum strontium cobaltite ferrite (LSCF) cathode. In the case of LSM-YSZ cathode, a model of the composite electrode solves in the z-direction the charge balance along with mass transport. The transfer current is computed following the sequence of elementary steps proposed by van Heuveln et al. [43] , adapted for a low coverage of adsorbed oxygen species. In the LSCF cathode case, the modelling follows that proposed by Adler et al. [44] . Experimental data from the literature are used to compute the dependence of the equilibrium vacancy concentration on temperature and oxygen partial pressure and surface exchange properties at the pore wall. Direct exchange of vacancies with the electrolyte is assumed [45] . On the anode side, the dusty-gas model is solved in onedimension, through the thickness of the support (z-direction), along with the equation of continuity. The steammethane reforming reaction rate is computed by the kinetic approach of Achenbach and Riensche [46] and the water-gas shift reaction is assumed at equilibrium until the anode/electrolyte interface. Only hydrogen is electrochemically converted at the interface, following the set of elementary steps proposed by Zhu et al. [47] .
Electrochemical degradation analysis under practical conditions requires the implementation of:
Degradation phenomena in the electrochemical model (see Ref. [38] for details). The selection considered in this study includes: (i) decrease of ionic conductivity of 8YSZ, (ii) MIC corrosion, (iii) anode nickel particle growth and, (iv) chromium contamination of the LSM-YSZ cathode. The risk of anode reoxidation and start of formation of zirconates in the LSM-YSZ cathode is monitored during the simulations, but the detrimental effect on the cell performance is not included. System consideration in the thermo-electrochemical SRU model (see Ref. [33] ). The addition of (i) the parasitic power consumption of the air blower and of (ii) losses in the inverter allows to capture the key SOFC system efficiency i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 7 ( 2 0 1 2 ) 9 2 4 9 e9 2 6 8 characteristics, while avoiding the burden of a complete integrated system model. This assumes the system is well thermally integrated [47] . Dynamics is restricted to that induced by the degradation processes. Perfect control is applied during degradation simulations to deliver the demanded system electrical power output under fixed air and fuel inlet temperature and composition, fixed maximum SRU temperature and constant fuel utilisation (FU).
Structural model
A static, small deformation, uncoupled contact finite-element thermomechanical model implemented in ABAQUS [39] computes the stresses in the cell layers, MICs, GDLs and sealants. The SRU components depicted in Fig. 1 are meshed and their interactions modelled by the contact algorithm of ABAQUS [39] .
Geometries and mesh
The SRU geometry slightly differs if compressive gaskets or glass-ceramic sealants are implemented. The modification proposed here is for comparative investigations and not for a design study. Fig. 1a and b show the geometry for the two sealing alternatives. In the case of compressive gaskets, the geometry of the cathode and anode gasket is identical. In the case of glass-ceramic material, only the cathode side sealant is kept, because sealing with the impervious electrolyte is preferable for material compatibility reasons. Therefore, the anode side of the MIC is machined to replace the anode gasket. In reality, additional filler material is needed to maintain the pattern of the anode gas flow. The dense metallic parts and glass-ceramic sealants are meshed with linear, reduced-integration three-dimensional elements (C3D8R in ABAQUS code terms). Linear specialpurpose gasket elements that uncouple the thicknessdirection and membrane behaviour (GK3D8R) are used for the compressive gaskets. For the GDL, the results with C3D8R and GK3D8R are compared. The anode support is meshed with second-order three-dimensional reduced-integration solid elements (C3D20R). On the anode front side, the 8YSZ electrolyte, the LSM-YSZ cathode or LSCF cathode and gadoliniadoped ceria (GDC) compatibility layer are added using the skin feature of ABAQUS [39] , with second-order reducedintegration shell elements (S8R). 
Material mechanical properties
The available data on the mechanical properties of SOFC stack materials is growing, but remains scarce. A linear elastic behaviour is assumed for all ceramic parts. Plasticity with isotropic hardening and von Mises yield criterion is used for the MIC and for GDLs made of metallic foams. The description for compressive sealing gaskets accounts for non-linear response, with differentiated loading and unloading paths, and plasticity. In a first approximation, linear elasticity is completed with creep to model the complex mechanical behaviour of barium-calcium aluminosilicate (BCAS) glassceramic sealing material.
The strength of SOFC ceramic materials is not an intrinsic property, but strongly depends on the flaws and defects in the studied volume that result from the manufacturing process and act as stress concentrators. The Weibull analysis [49] provides the assessment of the probability of failure of each MEA layer. It uses the principle of independent action for multi-axial stress loading and a two-parameter Weibull distribution [50] (see e.g. for more details [51] ). The provided probabilities of failure are computed for one repeating unit.
The complete set of conditions-dependent mechanical material properties and information needed for the initialisation procedure discussed hereafter is extracted from the compilation in Refs. [42, 52] . Table 1 provides the range of the implemented values.
Mechanical interactions between the repeating unit components
Experimental data on the contact behaviour between SOFC materials is very scarce, because they are specific and most of the time proprietary to a stack manufacturer. The limited relative motion of the parts allows use of the surface-to-surface discretisation and the small-sliding tracking approach to reduce the computational time. The contact interactions use a softened contact for the normal behaviour and friction in the tangential direction between the GDL and MIC or cell (R 3 in Fig. 1c) . The same approach is applied for the behaviour between the compressive gaskets and the MIC or the cell (R 1;5;6;7;8;9;10 in Fig. 1c ). In the case of glass-ceramic sealant, or to model tied compressive gaskets (see Section 3), the interactions over the sealing areas R 1;5;6;7;8;9;10 is a surface-to-surface tie constraint.
The standard implementation of creep and rateindependent plasticity in solid elements enforces the preservation of the volume [39] , which does not completely describe the behaviour of metallic foams and can, combined with a high friction coefficient, overpredict the severity of losses of contact pressure on the GDLs (see Section 4.2). To avoid this shortcoming, the friction coefficient is set at 0.1, which is lower than the value of 0.16 and 0.2 used in [30] and [3, 4] , respectively. A significant effect on the stress computed in the other SRU component was not observed. Owing to the lack of data on the mechanical properties of SOFC GDL materials and friction coefficients, this assumption does not invalidate the present analysis.
Submodelling
In many anode-supported cell designs, the cathode partially covers the electrolyte. In the design considered in the present study, the cathode covers the domain R 3 indicated by a grey box in Fig. 1c . This requires a dense mesh, which hinders contact simulations. Studies have shown that the cathode has the smallest influence on the curvature of an anodesupported cell, because of its low Young modulus and thickness [16, 53] . Therefore, for contact simulations, the cathode is not considered. To overcome this limitation for the assessment of cell failures, the Weibull analysis is performed on a cell submodel with a denser mesh, which includes all cell layers. The displacement boundary conditions computed with the coarser cell mesh in the contact simulations are imposed on the refined cell model through the submodelling capabilities of ABAQUS [39] .
Stacking
The modelling of stacking conditions was simplified in our previous studies [3, 4] . The flatness of the lower (upper) surface of the bottom (top) MIC was enforced and rotation allowed around the x-axis, except for the lower surface of the bottom MIC (see Fig. 2a ). A better approach for repeating units in a large stack and far from the end plates that is used here is to impose modified periodic boundary conditions, using linear multi-point constraints. The periodicity of the in-plane displacement on the identical faces of the MICs is enforced (see Fig. 2b ):
In contrast to the case of a unit cell in a cellular solid [54] , the temperature difference over the SRU in operation causes the air exhaust side of a stack operated in co-or counter-flow configuration to expand more than the air inlet one. The linear multi-point constraints implemented in the model approximate the situation. If symmetry along the y-axis is assumed, the difference in displacement along the z-axis between corresponding nodes on the lower and upper meshed MICs, induced by thermal expansion and the assembly load depends on the y-axis:
Three fake nodes u s1 , u s2 and u r are used to allow for a linear variation of u o 3 and to apply the assembly load:
These boundary conditions are applied in this study, because the focus is on the temperature and stress in SRUs in a large stack. Case specific adaptations are required for the SRUs close to the end-plates and depending on the stack design. Cell sintering. This phase aims at setting in the cell layers the correct residual stresses that arise from the manufacturing of the cell. Because all parts are in contact in the reference state to comply with the use of the small-sliding Table 1 e Overview of the mechanical properties of the constituents of the SRU, from the data compilation in [42, 52] . i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 7 ( 2 0 1 2 ) 9 2 4 9 e9 2 6 8 tracking method, relative motion between the cell and the components must be minimized to limit unreal modifications of the contact status at the interfaces. The CTE of the anode, as well as that of the MICs, GDLs and sealants therefore equals zero during this step, whereas artificial CTEs are applied in the electrolyte, cathode and anode-compensating layer if present. These artificial CTEs correspond to the elastic (ε sintering ) and irreversible (ε p o ) mismatch strains between the anode-support and each other cell layer generated during the cooldown after the sintering, depending on the cell materials and configuration, for an arbitrary small temperature difference of 1 K. They were computed using a simple model based on the EulereBernoulli theory [16] . The actual CTEs are then reinserted in the model for the subsequent steps. This is achieved in ABAQUS by controlling the CTEs by a field variable [39] , which ensures that the correct residual stress remains in the cell layers throughout the following analysis steps.
Initialisation procedure
Gasket preload. The thickness of the gaskets relative to the GDL can differ before the assembly. This is a design variable, which can be used to control the distribution of the assembly pressure on the SRU. An additional initialisation step is added for this purpose, where an anisotropic and artificial thermal strain is induced prior to the assembly, in a similar manner to the cell sintering step. This step is inactive in the case of a glass-ceramic sealant, because it is expected that the GDLs withstand most of the assembly load during the sealing procedure. From here, the true temperature is used, without correction for modelling purposes.
Sealing procedure. The mechanical properties of glassceramic sealant change during the sealing procedure, because of crystallisation. A discrete change in the mechanical properties followed by creep for the desired time period approximates the progressive nature of the process. A low Young's modulus of 200 MPa is arbitrarily used until the end of the sealing procedure. Then the actual mechanical properties of the BCAS glass are set. Annealing at 1073 K for 10 h is performed to relax the stress, before the importation of the temperature profiles generated by the thermoelectrochemical model. The time at which the temperature profiles are imported are referred to as 0 h.
Anode reduction. The modification of the CTE and Young's modulus following the reduction is straightforward to handle. The shrinkage is assumed uniform and contains, because the reference temperature is RT, a correction for the change in CTE of the anode between oxidised and reduced state. It is implemented using the swelling option in ABAQUS [39] .
Investigated cases
Investigated cases vary in terms of operating conditions and design and modelling alternatives. The focus is on the cell probability of failure and distribution of the contact pressure on the GDL. The contact status at the GDL/cathode interface is investigated, because in anode-supported cells, contacting issues are typically more critical on the cathode side. This is due to the lower electrical conductivity of the materials and lower electrode thickness, which amplifies current constriction issues.
Operating conditions. The case of steam-reformed methane with a carbon ratio of 2 is considered. Our previous study on the effects of the operating conditions on the electrochemical degradation under practical conditions used the present thermo-electrochemical SRU model that is described in Section 2.1 [33, 34] . It forms the basis of the analysis. Previous analyses have demonstrated that SOFC systems for combined heat and power application can have a large system operating envelope with sufficient heat integration for air preheating and fuel processing [48] . Because of the difficulty to include consistently thermo-electrochemical and mechanical aspects in an optimisation problem, the operating conditions that were anticipated to predominantly influence mechanical failures were varied discretely: Each temperature profile is implemented after the initialisation procedure described in Section 2.2. The air inlet temperature, fuel utilisation, air and fuel flows and current density to achieve the highest SOFC system efficiency at start or at long-term operation under the aformentionned conditions were determined in Ref. [33] . The cathode degradation phenomena implemented in the electrochemical model (see Section 2.1 and [38] ) are valid for composite LSM-YSZ cathode. LSCF cathodes also suffer from chromium contamination, but the nature of the processes differs [55e58], which is not included in the model. Therefore, in the case of LSM-YSZ cathode, the operating conditions optimised for the best long-term electrical efficiency at constant system specific power are used, whereas in the case of LSCF cathode, only those for the highest electrical efficiency at start are available. Table 2 lists the values of the SRU potential, current density, fuel utilisation, air/fuel ratio and air inlet temperature for the main cases.
Design and modelling alternatives. In the conditions treated here, the counter-flow configuration with the lowest methane conversion in the reformer yields the highest durability. The trend is opposite for the co-flow configuration, though it results in similar lifetimes as those for counter-flow with completely pre-reformed methane [33] . Simulations to highlight the effects of design and modelling alternatives are consequently performed for a maximum allowable SRU Table 1 lists the thicknesses. Sealing solution: compressive gaskets (GSK), compressive gaskets tied at the sealing interfaces (GSKT) or glassceramic sealant (GLS). Compressive gaskets are 5% thicker than the GDLs to avoid the release of the contact pressure on the compressive gaskets [4] . The assembly load applied in the simulations is 0.11 MPa and 0.022 MPa, on the basis of the MIC area, for GSK and GLS, respectively. In the GLS case, the temperature profile is applied after the 10 h of annealing at a uniform temperature of 1073 K. The effect of creep relaxation in the glass-ceramic sealant, MICs and GDL for another 10 h is then investigated. Thickness of the MICs: 2.0 (standard) or 1.25 mm. Mechanical properties of the GDL and compressive gaskets: the GDL relative density is 7% (standard) or 5% (see Table 1 ). It is combined in the last case to a stress at maximum closure of one half of the nominal case for the through-thethickness behaviour of the gaskets.
The calculation of the temperature profile accounts for difference in performance between LSM-YSZ and LSCF cathodes. In all thermo-electrochemical calculations, the MIC thickness is 2 mm and the sealing solution is assumed gastight.
Modelling alternatives are:
Elements for the GDL meshes: special-purpose gasket (GK3D8R) (standard), or solid elements (C3D8R). Boundary conditions: modified periodic (standard) or enforced flatness of the MICs.
4.
Results and discussion 
compressive gasket and GDL, which will be discussed in more detail in the next sections. These results illustrate the case of C1 cell (LSM-YSZ cathode) and compressive gaskets (GSK). Changing the system specific power from 0.21 W cm À2 to 0.29 W cm À2 does not modify the trends for a given flow configuration, methane conversion fraction in the reformer and maximum SRU solids temperature. The electrolyte withstands compressive stress in all simulated cases, comprised within approximately 90e140 MPa (not depicted). The zone of highest temperature provokes tensile stress in the anode on the lateral and air outlet sides. This pattern is the most pronounced in the counter-flow configuration with a methane conversion fraction of 0.25, because of the lateral fuel feeding, that cools the fuel inlet zone of R 4 ( Fig. 1c ) and concentrates the current density at the symmetry line on the air outlet side [34] . For a fixed methane conversion fraction of 0.99 in the reformer, the zone of higher temperature is spread over a larger area of the active area in co-flow than in counter-flow. Indeed, in co-flow configuration, the trade-off between temperature and lean fuel mixture governs the location of the i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 7 ( 2 0 1 2 ) 9 2 4 9 e9 2 6 8 zone of highest current density, whereas in counter-flow, high temperature and hydrogen-rich fuel mixture available at the air outlet side of the active area promote the electrochemical reactions at this location. The magnitude of the stress is consequently lower in co-flow, but the extent of the high stress zone is larger than in counter-flow configuration, which accounts for the similar anode probability of failures (1.39 Â 10 À4 and 1.26 Â 10 À4 in counter, respectively co-flow, at 0.29 W cm
À2
). The stress state in the LSM-YSZ cathode is either tensile or compressive, depending on the temperature. The stress fields depicted in Fig. 4 comply with the previous study [16] , where the tensile residual stresses reach their maximum around 973 K, because of the temperature dependence of the layers CTE. The transitions between compressive and tensile stresses are around 573 K and 1073 K. The high temperature zone is subjected to compressive stress, except in the counterflow configuration and for a methane conversion fraction of 0.25 in the reformer, since the zone of highest temperature induces tensile stress at the edge between the cathode and the gasket. Deleterious tensile stresses develop in the zone of lower temperature. The identification of the most favourable flow configuration and methane conversion fraction in the reformer requires a Weibull analysis, which is provided in Section 4.1.
The distribution of the contact pressure is even on the cathode compressive gasket, exceeding 0.12 MPa over most of the area, except in the tolerance gap that surrounds the cell. In contrast, the temperature profile significantly affects the contact pressure on the cathode GDL. The counter-flow configuration yields the highest maximum contact pressure, but, with a methane conversion fraction of 0.99 in the reformer, limits the reduction of the contact pressure on the GDL near the air inlet zone. This reduction arises because in the air inlet zone of the SRU, the temperature is higher near the fuel manifold holes than in the active area.
4.1.
Influence of the operating conditions on cell failure and loss of electrical contact
The analysis presented in Fig. 4 foreshadows an opposite effect of the maximum SRU temperature on the probability of failure of the anode and the LSM-YSZ cathode. The set of Weibull parameters for the strength of the anode that is the closest to the case treated in the electrochemical degradation simulations was selected for this study. The predicted probabilities of failure are low for multiple reasons. The analysis performed in Ref. [3] has shown that (i) uncertainty in the available data on the Weibull parameters of the anode (see Table 1 ) induces inaccuracy that can exceed an order of magnitude and that (ii) achievable material improvements, such as a Weibull modulus exceeding 10 combined with a characteristic strength of 90 MPa in similar strength test conditions, provide a sufficient reliability for a prototype (10 À2 for a 50 cell stack). State-of-the-art anodes may have already reached this target, which lies within the 95% confidence interval of the anode data used here and obtained with 15 disk samples only. Furthermore, data on the strength of Ni-YSZ in reduced state and at SOFC operating temperature is limited [52] . The measurements by Malzbender et al. [59] suggest that the decrease of the characteristic strength at high temperature is in the range of 30%, compared with that at room temperature. However, this temperature dependence likely strongly depends on the microstructure and manufacturing procedures. Therefore, the same values measured at room temperature have been used in the present analysis. The confidence intervals for the Weibull parameters of the cathode material are not available.
This study analyses the failures of the two electrodes separately, because discrimination between the most probable failures between the two electrodes, and consequently the assessment of the overall probability of failure, cannot be performed completely reliably with the available data. The emphasis is on the integrity of the anode support. However, more detailed investigations should examine whether or not cracks in the cathode of anode-supported cells can indirectly promote severe mechanical failures. For instance, cracks in the cathode can affect the electrochemical performance, consequently the temperature profile and, depending on the pattern, may further propagate in the electrolyte [60] . This can lead to anode reoxidation and/or cathode reduction, with harmful consequences on the structural integrity of the cell. Fig. 5a highlights the effect of (i) the maximum allowable SRU solids temperature and (ii) the system specific power on the anode and cathode probability of failure. That of the anode scales with (i), and inversely with (ii). It varies by up to one order of magnitude for a change in maximum SRU temperature from 1100 K to 1150 K. The temperature difference over a SRU is an unreliable indicator for design evaluation [3] , but can be used with extreme care. It correctly captures the trends for the anode probability of failure, whereas the dependence for that of the cathode is opposite. The increase of the maximum SRU temperature causes a higher temperature difference over the SRU, because the air inlet temperature optimised in Ref. [33] in the view of the highest system efficiency at long-term operation, and does not vary accordingly (see Table 2 ). The dependence on the system specific power also arises from the results of the optimisation of the electrical efficiency at long-term operation. In the conditions treated here, the optimised value of the air inlet temperature is governed by trade-offs between cathode overpotential, inlet partial pressure of volatile chromium contaminating species and the need to keep the parasitic air blower power consumption low. Indeed, as the electrochemical performance decreases with time, the current density and air ratio must be ever increased in an accelerated manner to maintain together the fixed system specific power demand and maximum allowable SRU temperature limit, as shown in Fig. 6 . The optimiser favours a decrease of the air inlet temperature, and consequently higher temperature differences over the SRU at lower system specific power [34] . Another drawback for mechanical reliability that can limit the benefit of operating at a lower specific power to alleviate electrochemical degradation is the need to adapt accordingly the number of elements in the stack to achieve the specified system power. The larger volume of brittle ceramic material affects the overall probability of failure of the cell. The difficulty to ensure the reproducibility of the material mechanical properties and dimensional tolerances increases, which can promote contacting and gas-distribution challenges. Fig. 5b shows that the methane conversion fraction in the reformer differently affects the anode probability of failure in co-and counter-flow. For fully pre-reformed methane, the counter-flow configuration is favourable for the anode integrity, but the anode probability of failure strongly increases for higher extent of internal reforming. The co-flow configuration is less affected, because the optimisation of the air inlet temperature in the view of the highest system efficiency at long-term operation increases with amount of internal reforming, up to approximately 1030 K. This air inlet temperature increase alleviate a severe drop of the cell performance near the air inlet, induced by the simultaneous action of the endothermic steammethane reforming reaction and of air cooling [34] .
The probability of failure of the cathode exhibits opposite trends (see Fig. 5b ), since it is governed by the aforementioned temperature dependence of the CTEs of the MEA, consequently by the volume of cathode material subjected to temperatures within approx. 573 Ke1073 K. Cathode probability of failure exceeds that of the anode, but the uncertainty on the strength of functional LSM-YSZ cathodes affects the accuracy of this prediction. The effect of internal reforming on the temperature profile is beneficial (detrimental) in the counter-flow (co-flow) configuration for the risks of cathode failure.
The effects of the operating conditions on the risks of cell failure depicted in Fig. 5 contrast with the requirements to mitigate electrochemical degradation, which are indicated in grey. Counter-flow combined with a system specific power of 0.21 W cm
À2
, highest SRU maximum temperature of 1150 K and methane conversion fraction of 0.25 in the reformer yields the highest lifetime and system electrical efficiency (see Table 3 ), as well as highest anode probability of failure. The anode and cathode probability of failure, as well as lifetime and system electrical efficiency are comparable between co-and counter-flow configurations fed with completely reformed methane. This illustrates the great difficulty to fully optimise a SOFC system under all circumstances. Compromises and design choices have to be made, causing unavoidable limitation either by electrochemical or by thermomechanical degradation effects.
The optimal operating conditions for a cell based on LSM-YSZ (C1) and LSCF (C2) differ and so do the temperature profiles. Fig. 7 depicts three combinations of structural and electrochemical cases to investigate how such a choice impacts the mechanical reliability of the cell. The temperature Table 3 for details). profile generated by a C2 cell is applied to a C2 cell for structural analysis (group A) or C1 (group B) cell for comparison, which enables an evaluation of the only mechanical implications of LSCF and GDC compatibility layer. The case of a C1 cell with the corresponding temperature profile (group C) is added for comparison to assess the effect of the LSCF, compared with LSM-YSZ cathode, on the temperature profiles.
In a C2 cell, the cathode withstands tensile stress up to approximately 22 MPa, whereas the electrolyte and compatibility layer undergo compressive stress, in the range of 80e140 MPa and 50e130 MPa, respectively. Weibull parameters for the strength of LSCF cathode could not be found in the literature, which prevents a direct comparison of the probabilities of failure of LSCF and LSM-YSZ cathodes in Fig. 7 . The GDC compatibility layer needed to prevent chemical reactions between the LSCF cathode and YSZ electrolyte in the C2 cell, increases the anode probability of failure (compare Fig. 7,  groups (A) and (B) ). In the conditions of the present study, the best use of a LSCF cathode in view of the highest electrical efficiency at start implies a reduction of the air inlet temperature for a given allowable maximum temperature, which affects mechanical reliability. Table 4 provides the highest computed factors on the anode and cathode probability of failure resulting from modifications of the operating conditions. These computed factors are provided to facilitate the comparison between the different simulated cases. Their applicability to any situation is prevented among others by the current limited knowledge of the mechanical properties of SOFC stack materials and by the variety of stack designs and possible SOFC system operation modes. Fig. 8 depicts (a,b) the vertical displacement of the lower MIC and the cell, together with (c,d) the temperature profile and contact pressure on the cathode GDL, along the symmetry axis. The maximum displacement in the z-direction scales with the allowable maximum SRU temperature and is more pronounced in the co-flow case. This finding suggests that the reduction of the Young modulus of the MIC with temperature exceeds the reduction of residual stress in the cell, which influences the deformation of the SRU. The methane conversion fraction in the reformer has a limited effect in counterflow. The GDC compatibility layer, combined with the different optimal operating conditions to take advantage of Fig. 7 e Effect of the choice of a cathode material on the anode and cathode probability of failure, for different methane conversion fractions in the reformer and flow configurations. The maximum SRU temperature is 1125 K, the system specific power is 0.29 W cm
L2
. MIC thickness is 2 mm. The lower table indicates the air inlet temperatures. 
LSCF, amplifies the cell warpage, hence MIC deflection. The maximum value is around 40 mm, which is small compared with the thickness of the GDL layers. The distribution of the contact pressure on the GDL follows that of the temperature (Fig. 8c and d) . The patterns depend mainly on the flow configuration and extent of internal reforming. Variations in system specific power between 0.21 (not depicted) and 0.29 W cm À2 do not modify the trends. The contact pressure on the cathode GDL is almost completely relieved in the air inlet zone of the GDL, because of the inverted temperature evolution along the xaxis. In the zone R 6 and R 7 in Fig. 1 , qualitatively, the temperature is higher than in R 1 and R 2 , because of thermal conduction from the high to the low temperature in the sealing areas R 6 eR 10 , as shown by the temperature profiles depicted in Fig. 4 .
4.2.
Effect of the gas diffusion layer, interactions at the sealing interfaces and metallic interconnect on cell failure and loss of electrical contact A modification of the mechanical properties of the GDL and gasket materials, MIC thickness or stacking boundary conditions, within the range or among the types described in Section 3, has a lower impact on the anode and cathode probability of failure than the adjustment of the operating conditions investigated in the previous section. The computed factors listed in Table 5 range from 0.85 to 1.23, whereas those in Table 4 cover more than one order of magnitude. A change of tens or so micrometers in cell deflection, typically observed in the present study, contributes significantly less to the probability of failure than the thermal and residual stresses. 
A higher compliance of the GDLs and gaskets is not necessarily beneficial for the anode integrity, whereas a constraint on the MIC flatness slightly underestimates the anode probability of failure. Meshing the GDLs with solid, instead of special purpose gasket elements does not drastically modify the predictions.
The mechanical interaction between the SRU components increases if contacting pastes are applied between the components. An extreme case is treated here, i.e., the anode and cathode compressive gaskets are tied to the cell and the MICs at their interfaces. The CTE mismatch between the anode (Ni-YSZ: 12.4 Â 10 À6 K À1 between RT and 1123 K) and the MICs (Crofer22APU: 12.0 Â 10 À6 K À1 between RT and 1123 K) alleviates tensile stresses in the MEA, compared with the case where it is partially accommodated by sliding. The anode and cathode probability of failure are drastically reduced (Table 5 , Gsk, tied). This beneficial effect may not prevail for all designs. An increase of the mechanical interactions between the components can be either beneficial or detrimental, depending on the mechanical properties of the SRU components. The distribution of the contact pressure, as well as the cell and MIC vertical deflection are significantly influenced by the mechanical properties of the GDLs and gaskets and stacking boundary conditions. They are comparatively less modified by i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 7 ( 2 0 1 2 ) 9 2 4 9 e9 2 6 8 changes in the system specific power and maximum SRU temperature. A more compliant gaskets accommodates to a larger extent the cell deformation in the sealing area (see Fig. 9a ). Nickel foam with a relative density of 5% exhibits equivalent plastic strains that reach 2.2% in the high temperature zone, whereas on the cathode side the deformation is elastic. This results in lower vertical deflections and different deformation of the cell. Fig. 9c shows that the contact pressure on the GDL flattens and is the highest in the colder zone, where less plastic deformation develops. This advantage may not be preserved during load following or thermal cycling conditions. Despite the limited maximum equivalent plastic strain in the anode GDL, which does not exceed 0.5% in Fig. 9a ,c, the use of solid elements to mesh the GDL and the implementation of Poisson's coefficient modifies the predicted distribution of the contact pressure. The size of the area located at the air inlet side, where the contact pressure is lost, increases (compare with Fig. 8d ).
Tied gaskets also increase the extent of the zone affected by loss of contact pressure (Fig. 9b,d ). Modelling the stacking conditions by enforcing the flatness of the MIC, instead of modified periodic conditions, yields a more uniform contact pressure distribution on the cathode GDL and limits the cell deflection.
The variety in the calculated distribution of contact pressure, for a single design with small material and operating conditions variations, is in line with the difficulty encountered during the development of a SOFC stack. A refinement of the knowledge on the mechanical behaviour of the interfaces is crucial to study in detail local alterations of the electrical contact. The use of partially-sintered contacting pastes in practice prevent to draw a direct link between the loss of contact pressure or detachment computed here and increase of the interfacial ohmic resistance.
4.3.
Glass-ceramic sealing solution
The implementation of glass-ceramic sealing material induces a strong history-dependence in the behaviour. Fig. 10 compares the first principal stress in the glass-ceramic sealant and anode support, right after importation of the temperature profile (0 h), and after 10 h, during which the temperature profile of operation is kept constant. Fig. 11 provides the corresponding evolution of the maximum tensile stress in the sealant, von Mises stress in the MIC and anode probability of failure.
The highest maximum first principal stress in the glassceramic sealant at 0 h is located in the zones sandwiched between the MICs and where the temperature difference with the annealing temperature of 1073 K is the largest, i.e. air inlet and outlet, close to the symmetry axis, because of the temperature-dependent Young's modulus and mismatch between the CTEs of the glass-ceramic sealant and MIC. The maximum value exceeds that after 10 h of annealing at 1073 K. The strength of the glass-ceramic material at high temperature is in the range of 31e64 MPa, depending on the treatment, but is likely statistically distributed. The maximum first Fig. 4 . The maximum temperature is 1125 K, the system specific power is 0.29 W cm L2 and the MIC thickness is 2 mm.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 7 ( 2 0 1 2 ) 9 2 4 9 e9 2 6 8 principal stress depicted in Fig. 10 exceeds 15 MPa and may cause high risks of cracking. In operation, creep proceeds in the MIC, GDLs and glassceramic sealant. The stress in the sealant is relieved faster in the zones subjected to higher temperature and higher stress. Most of the decay occurs within 5 h. The maximum von Mises stress in the MIC evolves in a similar way.
The anode stress distributions shown in Fig. 10 arise from the temperature dependent mismatch between the anode and the MICs, which is more pronounced in the temperature range from 973 to 1073 K (Crofer22APU: 11.6 Â 10 À6 K
À1
, Ni-YSZ: 12.4 Â 10 À6 K À1 in average) than at higher temperature (Crofer22APU: 12.0 Â 10 À6 K À1 at 1123 K). Compressive stresses protect the anode in the lower temperature region, until the first half of the SRU from the air inlet side, whereas tensile stresses develop in the zones of higher temperature. For comparison, the anode probability of failure after 10 h of annealing at 1073 K is 9.79 Â 10
À8
. As is anticipated by the observation of Fig. 10 , the probability of failure is initially the highest in co-flow. In counter-flow, it is the highest (lowest) with a methane conversion fraction of 0.25 (0.99).
Ageing during 10 h after the temperature profile of operation is applied noticeably reduces the magnitude of the stress for completely pre-reformed methane. The anode probability of failure consequently decreases by a factor of 3.4 and 1.6 in co-and counter-flow, respectively. In contrast, the stress in the anode increases at the air outlet side, at the symmetry axis, in counter-flow combined with a methane conversion fraction of 0.25. Part II of this study [36] shows that in the longterm, the anode stress distribution tends towards that predicted for the case of compressive gaskets. This first increase by a factor of 2.9 is therefore a short-term maximum.
Tensile stress up to 11e13 MPa develops in the cathode only close to its air outlet side corners (location A in Fig. 10 , stress profiles not depicted). The evolution of the cathode probability of failure is opposite to that of the anode. It first decreases, by a factor of 28.6 and 1.63 within 10 h, in co-flow with completely reformed methane and counter-flow with a methane conversion fraction of 0.25, respectively. It then increases in the long-term and exceeds the value at 0 h (see Part II).
The reduction of the anode, which is commonly performed when hydrogen is fed for the first time in the stack, restricts the pre-selection of cells to circumvent assembly issues. Proof-testing procedures can nevertheless assist stack commissioning before system implementation. Here, the history-dependent behaviour of a SOFC stack with glassceramic sealants drastically complicates the determination of the relevant test conditions, be it for the cell or the sealant.
The stronger mechanical interactions at the sealing interfaces, which partially cover the MICs and electrolyte, induce a more complex deformation of the SRU than in the GSK case (compare insert in Figs. 8a and 10c ). Fig. 12a shows that the vertical displacement along the y-axis is inverted, because of the increased dissymmetry in the z direction induced by the implementation of the glass-ceramic sealant in the SRU design considered here (Fig. 1b) . The cell and MIC deflections are very similar at 0 h for all operating conditions. The maximum values is 43 mm, which is slightly higher than the GSK case. After 10 h, the maximum value increases and the patterns differ because of the temperature profiles.
The assembly load in the GLS case is 0.11 and 0.022 MPa on the basis of the SRU footprint area in the GSK case. In contrast, the contact pressure on the GDL is higher in the former case, and does not vanish at the air inlet side (compare Fig. 9c grey curves, and Fig. 12 ), because the CTE of the glass-ceramic (11.1 Â 10 À6 K
À1
, between RT and 1073 K) is lower than that of the GDLs (16.2 Â 10 À6 K À1 and 11.8 Â 10 À6 K À1 ). This increases the compressive stress in the GDL layers. The contact pressure on the GDL is therefore predominantly governed by the difference in CTE and mechanical properties between the GDL and the glass-ceramic sealant, rather than the assembly load. i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 7 ( 2 0 1 2 ) 9 2 4 9 e9 2 6 8
The absence of zones where the contact pressure is lost is at first sight beneficial. Design precautions are however needed to ensure the durability of this advantage. The irreversible deformation due to rate-independent plasticity and creep during prolonged operation can amplify the detrimental effects of thermal and electrical load cycling [36] .
Conclusion
This study enlarged with structural analysis our previous investigations on the effects of the operating conditions on the initial performance and degradation of a SOFC stack, including system level considerations [33, 34] . In the conditions treated here, both the anode and the cathode contribute to the cell probability of failure provided by Weibull analysis. Compressive stress in the range of 90e140 MPa shield the thin electrolyte. The determination of the most critical layer can be calculated, but practically suffers from the large confidence intervals for the Weibull parameters, that cause a scatter in the range of one to several orders of magnitude. The anode probability of failure is predominantly governed by the pattern of the temperature profile, whereas that of the LSM-YSZ cathode depends upon the local CTE mismatch with the other cell layers.
Adjustments of the operating conditions, such as flow configuration, maximum SRU temperature, system specific power and methane conversion fraction in the reformer, can reduce the anode and cathode probability of failure by a factor of approximately 300 and 30, respectively. Counter-flow configuration together with low methane conversion in the reformer, high maximum SRU temperature limit and low system specific power is the most favourable case in the view of electrochemical degradation, because it lowers and flattens the cathode overpotential and minimises the blower parasitic consumption. These requirements do not promote mechanical reliability. Here, pre-reformed anode gas, high system specific power and the lowest SRU temperature limit yield the lowest anode probability of failure. This clearly shows that the best use of the advantages in terms of long-term electrical efficiency provided by these decision variables for the development and operation of a SOFC stack must be balanced with mechanical reliability considerations.
The GDL mechanical properties, MIC thickness and stacking boundary conditions have a lower impact on the layers probability of failure, which is modified by a factor in the range of 0.85e1.23. The effect of level of mechanical interactions between the components and the choice of a sealing solution is, in contrast, significant.
In the case of a glass-ceramic sealant, the cathode and anode probability of failure decrease by more than one order of magnitude during a short annealing period of 10 h, when completely reformed methane is fed in the SRU. In contrast, the anode probability of failure increases in counter-flow together with a methane conversion fraction of 0.25 in the reformer. As is discussed in Part II, the long-term behaviour differs. When the temperature profile of operation is applied, the glass-ceramic sealant is subjected to stress that may cause cracking, but data on the Weibull parameters could not be found for the BCAS sealant. Most of the decay in stress relief occurs within 5 h.
The residual stress in the cell and dissymmetry in the stacked direction are the driving forces for the deflection of a SRU in a stack. In operation, the deflection scales with temperature and depends on the level of mechanical interaction between the components and stacking boundary conditions, because of the temperature dependence of the mechanical properties. The influence on the cell probability of failure is limited, compared with that of the operating conditions. The contact pressure on the cathode GDL in the air inlet zone is significantly relieved in operation in most cases, completely in the case of tied gaskets, which may reflect 
possible electrical contacting issues. For glass-ceramic sealants, it is governed by the differences in mechanical properties of the GDL and sealants, rather than by the applied assembly load. More compliant GDLs and compressive gaskets are not necessarily beneficial. They flatten the distribution of the contact pressure, which may however not be preserved in the long term because of the higher plastic deformation and increase the anode probability of failure.
The influence of the temperature profile and strong history-dependence of the risks of failure of the cell, in the case of a glass-ceramic sealant, highlights the crucial importance to investigate in future the transient behaviour during load following scenarii of relevance for practical applications. The analysis shows that the assessment of design and operating conditions options on the basis of fixed conditions and simple indicators, such as temperature difference or thermal gradients provide limited and, in the worst case, possibly misleading insights into the complex trade-offs that characterise the SRU initial and long-term electrochemical behaviour and mechanical reliability. Failure of the cathode is reported in experiments and predicted by the simulation. Stress analyses can therefore not neglect this layer.
Further research is needed to completely understand and quantify the trade-offs between mechanical reliability and electrochemical performance of SOFC stacks. Efforts should be placed on characterising further the mechanical properties of the SOFC stack materials under appropriate conditions. Thorough validation at the stack scale of both thermoelectrochemical and mechanical models is also a prerequisite to provide reliable guidance. The quantitative information generated in the present study, such as the factors on the probability of failure, is therefore for comparison purpose.
